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PREFACE 
As a pre l iminary  to  a numerical experiment i n  s imula t ing  t h e  c i r -  
c u l a t i o n  of t h e  Mars atmosphere, i t  w a s  necessary t o  develop a method 
f o r  e v a l u a t i n g  h e a t  flow i n t o  and out of the atmosphere. The f i r s t  
p o r t i o n  of t h i s  paper descr ibes  such a model, as it w i l l  be used i n  
conjunct ion  wi th  t h e  genera l  c i r c u l a t i o n  computer program of A. Arakawa 
and Y. Mintz.  
As a prel iminary t o  t h e  general  c i r c u l a t i o n  experiment,  t h e  hea t ing  
model w a s  app l i ed  t o  the  computation of temperature v a r i a t i o n s  i n  t h e  
Mar t ian  atmosphere and s o i l .  The r e s u l t s  of t hese  c a l c u l a t i o n s  turned  
out  t o  have i n t e r e s t i n g  impl ica t ions  f o r  t h e  polar  caps and for t h e  
probable  characteristics of t he  atmospheric c i r c u l a t i o n .  
and impl i ca t ions ,  as w e l l  as possible  experiments suggested by them, 
These r e s u l t s  
are d iscussed  i n  t h i s  paper. 
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Diurnal  and seasonal  v a r i a t i o n s  of ground and atmospheric temper- 
a t u r e s  on Mars are simulated by a model t h a t  i nco rpora t e s  t h e  e f f e c t s  
of r a d i a t i o n ,  small-scale turbulen t  convection, and conduction i n t o  
t h e  ground. The model is based on t h e  assumptions t h a t  t h e  su r face  
p re s su re  i s  5 mb, and t h e  atmosphere i s  composed e n t i r e l y  of carbon 
dioxide.  Two a d j u s t a b l e  parameters i n  the  model are c a l i b r a t e d  by 
comparison wi th  t h e  d iu rna l  temperature v a r i a t i o n  observed by Sin ton  
and St rong  (1960). One of t he  most i n t e r e s t i n g  r e s u l t s  of t h e  calcu-  
l a t i o n s  i s  t h e  p r e d i c t i o n  o f  an ice cap composed o f  s o l i d  CO 
maximum e x t e n t  corresponds wi th  tha t  of the  observed Mar t ian  po la r  cap. 
Some dynamical impl ica t ions  of carbon dioxide condensation are explored,  
and poss ib l e  f lyby experiments t ha t  would f u r t h e r  i l l umina te  the  Mart ian 
meteorology are discussed.  
whose 2 
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VARIABLES AND CONSTANTS 
A = v i s i b l e  albedo of the ground 
a = rad ius  of Mars 
= black-body f lux  i n  the  ith spec t ra l  i n t e r v a l  'i 
b = (defined i n  Eq. (19)) 
C = net  upward convective hea t  flux 
CD = sur face  drag coe f f i c i en t  
Cp = s p e c i f i c  heat  a t  constant pressure 
Cv = s p e c i f i c  heat  at constant volume 
F = ne t  upward f lux  of planetary (longwave) r ad ia t ion  
G = (defined i n  Eq. (10)) 
g = acce le ra t ion  of grav i ty  
h = convection parameter 
K = thermometric conductivity of Martian ground 
L = l a t e n t  heat of the solid-vapor t r a n s i t i o n  for  CO 
M = mass per un i t  a rea  of s o l i d  CO 
P = atmospheric pressure 
R = gas constant for  C02 
r = dis tance  of Mars from the sun 
2 
deposited on the  surface 2 
r = mean dis tance of Mars from t h e  sun m 
S = net  dawnward f lux  of s o l a r  rad ia t ion  
Soo = s o l a r  constant a t  the mean distance of Mars 
T = temperature 
* 
T = constant atmospheric temperature over t he  polar  cap 
t = t i m e  
-x i  i - 
SYMBOLS, cont  . 
u = eastward (zonal) component of  wind v e l o c i t y  
* 
u = geostrophic  zonal  wind 
V = amplitude parameter,  E q s .  (32) ,  (33) 
v = northward (meridional)  component of  wind v e l o c i t y  
- v = hor i zon ta l  wind v e l o c i t y  
Yo) = (defined i n  E q .  (15)) 
z = height  (or depth) 
CY = so la r  e l e v a t i o n  angle  
r = (defined i n  E q .  (21)) a 
y = phase parameter, E q s .  (32) ,  (33) 
A =  d i f f e rence  i n  he ight  between the  midpoints  of layers 1 and 3 
AP = thickness  i n  pressure  of a n  atmospheric layer 
llz = spacing of  l aye r s  i n  t h e  s o i l  
8 = dec l ina t ion  
8 = inverse  depth of  t h e  Elanan boundary l aye r  
K = tu rbulen t  v i s c o s i t y  c o e f f i c i e n t  
h = disturbance length  scale 
p = dens i ty  
(pc), = volume hea t  capac i ty  of the  s o i l  
CT = S t e f a n ’ s  cons tan t  
T = hour angle  
‘ri(Pa, Pb) = f l u x  t r a n s m i s s i v i t y  averaged over t h e  ith s p e c t r a l  
i n t e r v a l  between l e v e l s  wi th  pressures  Pa and Pb 
cp = l a t i t u d e  
n = planetary r o t a t i o n  rate 
. - x i i i -  
. 
SYMBOLS, cont .  
SUBSCRIPTS REFER TO: 
0 = t o p  of t h e  atmosphere 
1 = upper atmospheric l aye r  
2 = i n t e r f a c e  between t h e  two main atmospheric l aye r s  
3 = lower atmospheric layer  
4 = t o p  of a t h i n  atmospheric boundary l aye r ,  which i s  a l s o  t h e  
bottom of l aye r  3 
G = ground su r face  
j = l e v e l s  i n  t h e  ground 
s = state of equi l ibr ium between s o l i d  and vapor forms of  CO 
Other s u b s c r i p t s  are used as dummies o r  are def ined  as used. 
2 
C 
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I. INTRODUCTION 
As a pre l iminary  t o  an a t t e m p t  t o  s imula te  numerical ly  the  c i r cu -  
l a t i o n  of the  atmosphere o f  Mars, a computer model has  been developed 
t o  d e s c r i b e  t h e  h e a t i n g  of t h e  ground and atmosphere by r a d i a t i o n ,  con- 
duc t ion ,  and small-scale tu rbu len t  convection. 
model i s  t h a t  j u s t  as on the  e a r t h ,  incoming s o l a r  r a d i a t i o n  i s  absorbed 
mainly a t  t h e  ground s u r f a c e ;  t h i s  energy i s  c a r r i e d  i n t o  t h e  s o i l  by 
conduction, and upward i n t o  t h e  atmosphere mainly by small-scale turbu- 
l ence ;  some of t h e  energy i s  emitted from t h e  ground d i r e c t l y  t o  space. 
The energy t h a t  the  atmosphere rece ives  by t u r b u l e n t  convection i s  
l o s t ,  predominantly from the  upper l a y e r s ,  by longwave emission. 
The b a s i c  i d e a  o f  the  
There are two important ad jus t ab le  parameters i n  t h e  model: t h e  
thermometric conduc t iv i ty  of the  ground and a parameter desc r ib ing  
t h e  rate of  t u r b u l e n t  hea t  exchange between ground and atmosphere. 
model i s  c a l i b r a t e d  by a d j u s t i n g  t h e s e  cons t an t s  so t h a t  observa t ions  
of a po r t ion  of t h e  d i u r n a l  v a r i a t i o n  of ground temperature  a r e  w e l l  
s imu late d . 
The 
The major p o r t i o n  of t h e  study desc r ibes  t h e  model and i t s  a p p l i -  
c a t i o n  t o  the  s imula t ion  of diurnal ,  seasonal ,  and l a t i t u d i n a l  v a r i a -  
t i o n s  of temperature .  The last two s e c t i o n s  d e a l  w i th  some poss ib l e  
i m p l i c a t i o n s  of t h e  computed temperature d i s t r i b u t i o n s  and wi th  pos- 
s i b l e  space probe experiments t h a t  could be made t o  v e r i f y ,  r e j e c t ,  
o r  improve t h e  model, A l l  c a l c u l a t i o n s  a r e  based on an atmosphere 
having a s u r f a c e  pressure  of  5 mb and composed e n t i r e l y  of  CO as 
i n d i c a t e d  by t h e  Mariner 4 o c c u l t a t i o n  experiment (Kl io re ,  e t  a l . ,  1965) 
2’ 
Two 
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11. THE MODEL 
tmospheric layers are considered.  The uppe l aye r  ( l aye r  1) 
con ta ins  h a l f  o f  t h e  t roposphe r i c  m a s s  and t h e  m a s s  of t h e  s t r a t o s p h e r e ;  
t h e  lower l aye r  ( l a y e r  3) con ta ins  h a l f  o f  t h e  t ropospher ic  mass. 
temperatures T1 and T of t h e  two l a y e r s  a r e  assumed t o  de f ine  a un i -  
form lapse r a t e  between the  top  of a very  t h i n  boundary l a y e r  and t h e  
tropopause. The s t r a t o s p h e r e  conta ins  s l i g h t l y  less than  one-tenth of  
t h e  t o t a l  atmospheric mass and i s  assumed t o  be i so the rma l  a t  t h e  t e m -  
pe ra tu re  o f  the  tropopause.  
i n t o  t h e  computations of i n f r a r e d  hea t ing ,  i s  suggested by t h e  r e s u l t s  
of  more d e t a i l e d  r a d i a t i v e  equi l ibr ium computations by Prabhakara and 
Hogan (1965). Although t h e i r  c a l c u l a t i o n s  d id  no t  demonstrate a sha rp  
tropopause, they d i d  e x h i b i t  s t rong  l apse  rates a t  low l e v e l s  tending  
toward isothermal  condi t ions  above approximately 30 km. It i s  l i k e l y  
t h a t  the  a c t i o n  o f  small-scale convection a s s o c i a t e d  wi th  su r face  
h e a t i n g  would tend  t o  produce a f a i r l y  w e l l  marked tropopause a t  a 
somewhat lower l e v e l  than  t h e i r  r e s u l t s  suggest .  Table 1 and Fig.  1 
i l l u s t r a t e  t he  assumed atmospheric s t r u c t u r e .  
The 
3 
This  assumed s t r u c t u r e ,  which e n t e r s  mainly 
The equat ions  desc r ib ing  t h e  temperature v a r i a t i o n s  of the  atmos- 
phe r i c  l aye r s  are 
. 
1 4 
-3- 
\ T, 
Level t 
Stratosphere 
Troposphere 
Level G (ground surface ) 
Ground 
Temperature 
Fig. 1-Nomenclature used in the model 
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Pressure  Height 
Leve 1 (mb ) b) 
t 0.415 22.86 
. 
Dens i t  y 
3 
(OK) (gm/cm 1 
145 0.15 x 
Table 1 
EXAMFLE OF ASSUMED VERTICAL STRUCTURE OF THE MARS ATMOSPHERE 
1 
2 
3 
4 
1.56 
2.71 
3.85 
5.00 
G I 5.00 
11.91 
0.005 
0.000 
183 
202 
215 
225 
212 
0.52 
0.71 
0.95 
1 . 2  
1 . 2  
NOTE: The va lues  of  p r e s s u r e  given are those assumed f o r  t h e  
model; temperature, d e n s i t y ,  and he ight  correspond t o  r e p r e s e n t a t i v e  
condi t ions a t  middle l a t i t u d e s  as computed by t h e  model. Values f o r  
l e v e l s  1 and 3 correspond t o  t h e  mid-pressure p o i n t s  of l ayers  1 and 
3 .  This  model has a t ropospher ic  l apse  ra te  o f  3.5OIkm. 
I n  t h e s e  equat ions T i s  temperature,  F i s  i n f r a r e d  r a d i a t i v e  energy 
(DCp) 
f l u x ,  S i s  s o l a r  energy f l u x ,  and C i s  convect ive hea t  f lux .  
g 
i s  t h e  heat capac i ty  per u n i t  area of each l a y e r .  The hea t  
conduction equat ion  a p p l i e s  a t  subsurface l e v e l s  
a T  3% 
a t  aZ 
- =  K -  2 
where K i s  t h e  thermometric conduct iv i ty  o f  t h e  s o i l .  The system i s  
completed by a lower boundary condi t ion  i n  t h e  s o i l  and by t h e  hea t  b a l -  
ance condi t ion at t h e  ground su r face ,  
when M = 0 and T > TS, o r  G 
TG = T 
S 
- =  dM L-l[.. + 1 
d t  
when M # 0. 
su r face ,  L i s  t h e  l a t e n t  h e a t  of C02, (pc), i s  t h e  volume hea t  capac i ty  
o f  t h e  s o i l ,  and A i s  t h e  v i s i b l e  a lbedo of t h e  ground; poss ib l e  v a r i a -  
t i o n s  of A with  depos i t i on  of  f r o s t  o r  w i th  o t h e r  su r face  v a r i a t i o n s  
were not  taken  i n t o  account.  
Here M i s  t h e  m a s s  o f  C02 per u n i t  area condensed on t h e  
The eva lua t ion  of t h e  var ious  hea t ing  components appearing i n  E q s .  
(l), (2), (4), and (Sa) w i l l  now be descr ibed.  
T rans fe r  of r a d i a t i o n  emitted by the  around and atmosphere 
I f  s c a t t e r i n g  and devia t ions  of the ground su r face  from a black- 
body are neglec ted ,  t he  net upward f l u x  F a t  l e v e l  k of r a d i a t i o n  e m i t -  
k 
t e d  by t h e  p l ane t  can be wr i t t en  
where Bi(G) i s  t h e  black-body flux of r a d i a t i o n  emi t t ed  by t h e  ground i n  
t h e  ith spectral i n t e r v a l  of r ad ia t ion ,  'ri(O, P k ) i s  t h e  d i f fuse  f l u x  
t r a n s m i s s i v i t y  over t h e  pa th  frum l e v e l  k t o  t he  t o p  of  t he  atmosphere, 
and B (0) i s  emission a t  zero  o p t i c a l  depth ( in  t h i s  model Bi(0) co r re s -  
ponds t o  t h e  tropopause temperature).  
i 
The summation i s  over a l l  spectral 
- 6 -  . 
i n t e r v a l s  con t r ibu t ing  t o  emission. Because only the  r e l a t i v e l y  narrow 
15-micron band c o n t r i b u t e s  s i g n i f i c a n t l y  t o  atmospheric emission a t  Mars 
temperatures,  E q .  (6)  can be w r i t t e n  approximately as 
where 7 i s  t h e  mean t r a n s m i s s i v i t y  o f  t h e  band, and Br i s  t h e  product of  
t he  bandwidth and the  Planck i n t e n s i t y  nea r  the  band cen te r ,  and CT i s  
r 
S t e f a n ' s  constant .  
The i n t e g r a l  i n  E q .  (7 )  can be eva lua ted  by means of  t he  fol lowing 
modeling assumptions. The atmosphere has  a temperature lapse  ra te  which 
i s  l i n e a r  i n  he ight  between t h e  tropopause and t h e  t o p  of  a very t h i n  s u r -  
face boundary layer  a t  he igh t  z Within t h e  su r face  boundary l aye r ,  t h e  
temperature i s  aga in  assumed t o  be l i n e a r  and continuous,  and i t  i s  f u l l y  
4' 
determined by t h e  temperatures  T ex t r apo la t ed  from T and T and t h e  
ground temperature T 
i n t e g r a l  from l e v e l  z t o  l e v e l  4 and an i n t e g r a l  from l e v e l  4 t o  l e v e l  G. 
4 1 3' 
Thus t h e  i n t e g r a l  w i l l  c o n s i s t  of two p a r t s ,  an G' 
We have 
dBi 1 d An P (T1 - T3) - 
i= 1 d An T n 
[1 - Ti(P, P,)l dBi ] d An P (8) 
d An T 
R dT 
g P4 dz i=l 
+ - p -  zn
I f  t h e  boundary l aye r  between P4 and pG i s  extremely t h i n ,  t he  last term 
-7- 
z4 (meters) 
5 
10 
20 
50 
o f  t h i s  express ion  f o r  k = 4 can be w r i t t e n  i n  t h e  approximate form 
- 
G 
0.04 
0.06 
0.08 
0.10 
C1 - p, p4)l dBi } d Rn P 
d 1.n T 
dT 
g P4 dz i=1 
The quan t i ty  
pG [l - - T (P, P4) ]  d Rn P 
G S  (2) 5 4 r 
w a s  eva lua ted  by methods described below. 
va lue  of  21OoK, it i s  a funct ion of z alone.  
dependence on z 
Assuming T t o  have t h e  f ixed  4 
Table 2 i l l u s t r a t e s  i t s  4 
4' 
Table 2 
DEPENDENCE OF THE BOUNDARY LAYER CONTRIBUTION 
TO F I N  THE LAYER DEPTH z4 
4 
The va lue  0.04 corresponding t o  z 
t h e  c a l c u l a t i o n s .  
q u i t e  s m a l l .  
= 5 meters was a r b i t r a r i l y  used i n  4 
The con t r ibu t ion  of t h i s  term t o  F proved t o  be 4 
-8- 
On t h e  o t h e r  hand, f o r  t h e  f l u x  a t  levels f a r  from t h e  ground 
(k = 0, 2),  t h e  las t  term o f  Eq. (8) can be w r i t t e n  i n  t h e  approximate 
f o m  
The q u a n t i t y  
which appears i n  Eq. ( 8 ) ,  and except  f o r  t h e  f a c t o r  A 
g ives  the  c o n t r i b u t i o n  t o  n e t  f l u x  a r i s i n g  from t h e  main p a r t  o f  t h e  
It w a s  troposphere,  depends on t h e  temperatures  between P and P 
evaluated f o r  f i v e  va lues  of T between 160' and 280°K, and a l apse  
ra te  o f  3.5"Ikm. 
i s  quadra t ic  i n  T The necessary t ransmiss ion  func t ions  were evalu-  
a t e d  using t h e  formulae o f  Prabhakara and Hogan (1965), and making use 
of t h e  Curtis-Godson approximation (Goody, 1964, p. 236) t o  account 
fo r  t h e  pressure e f f e c t .  The temperature a t  t h e  midpoint i n  he ight  
of t h e  o p t i c a l  path was used t o  e v a l u a t e  t h e  temperature e f f e c t  on 
t ransmiss iv i ty ,  while  conversion from beam t o  f l u x  t r a n s m i s s i v i t y  w a s  
done approximately by use o f  t h e  s c a l i n g  f a c t o r  1.67 mul t ip ly ing  t h e  
o p t i c a l  path length  (Elsasser and Culbertson,  1960, p. 9). The f i n a l  
expressions i n  ergslcm -sec are 
- T3> 
4' t 
2 
The r e s u l t i n g  poin ts  were f i t t e d  w i t h  a curve t h a t  
2' 
2 
- 9- 
I 
. 
6 8, - F*) = -1.473 x 10 Yot) 
+ c1.204 T2 - 349 i- 23200 Til][T1 - T3] 
-0.1282 x lo6  [Yo4) - YOG)] 
Q4 - F2) = -0.455 x 10 6 Yot) -t C1.710 T2 + 195 
-58800 Til][Tl - T3] - 1.800 x 10 6 [Yo4) -YoG)] 
8 -2  2 +1.30 x 10 T4 exp (964.1/T4)[YQ4)] IT4 - TG] 
6 F4 = 5.67 x T: - 1.929 x 10 Yot) 
+ 113.2 T2 - 1560 - 18900 T;l][Tl - T3] 
8 -2 2 + 1.30 x 10 T4 exp (964.1/T4) [Yo4)] [T4 - TG] (14) 
(15) 
4 ,  T2, and Tt  are derived from T and the  temperatures T 
l i n e a r  ex t rapola t ion  and interpolat ion.  
SOLAR RADIATION 
and T by 1 3 
The i n t e n s i t y  per u n i t  area of s o l a r  r a d i a t i o n  reaching Mars at  
l a t i t u d e  cp and hour angle 7 when t h e  dec l ina t ion  is 6, i s  given by the  
w e  11 known re lat ions 
L 
so - soo (:) s i n  cy 
and s i n  CY = s i n  rp s i n  6 + cos q~ cos 6 s i n  T. It i s  assumed t h a t  a 
- 10- 
c e r t a i n  amount (S - S ) of t h i s  r a d i a t i o n  i s  absorbed i n  t h e  upper 
atmospheric layer ,  and an  amount ( S  - S ) i s  absorbed i n  the  lower 
layer as a r e s u l t  of t h e  carbon d ioxide  bands a t  1 .4 ,  1.6, 2.0, 2.7,  
0 2 
2 4  
4.3, and 15 microns. The method used f o r  c a l c u l a t i n g  the  ene rg ie s  
(So - S 2 )  a n d  (S2 - S ) i s  t h a t  of Houghton (1963). 
t h a t  r e s u l t ,  i n  ergs/cm -see ,  are 
The formulae 
4 
2 
} x (389 + ( s i n  [2006 + 449 An (csc  C Y ) ]  
and 9 
L 
(s2 - s4) = ($) ( s in  a) 1/2 [,16 + 550 (s in  CY) 1/2] (18) 
Sca t t e r ing  i s  neglec ted  i n  the  model, and t h e  amount o f  s o l a r  r a d i a t i o n  
used fo r  h e a t i n g  t h e  ground i s  t h e r e f o r e  simply S (1 - A ) .  
HEAT FLOW I N  THE GROUND 
4 
Equation (3)  i s  so lved  by t h e  Dufort-Frankel  cen tered  d i f f e r e n c e  
scheme i n  which the  f i n i t e  d i f f e r e n c e  ana log  of  E q .  (3) i s  
where At i s  the t i m e  i n t e r v a l ,  @z i s  t h e  depth i n t e r v a l ,  and the  f i r s t  
subscr ip t  is t h e  time s u b s c r i p t .  The unknown thermometric conduct iv i ty  
of t h e  s o i l ,  K ,  w a s  assumed t o  be independent o f  p o s i t i o n  o r  t i m e  and 
was evaluated by comparing observed and computed d i u r n a l  ground 
-11- 
temperature  v a r i a t i o n s ,  as described i n  Sec t ion  111. Af te r  each 
i t e r a t i o n  by means of E q .  (3a), T i s  found by s o l u t i o n  of t h e  f i n i t e  
d i f f e r e n c e  analog of E q .  ( 4 ) .  
G 
I f  t h e  r e s u l t i n g  TG i s  less than  o r  
~ e q u a l  t o  T where T ( the s a t u r a t i o n  temperature  over dry ice  f o r  
S’ S 
GO ) i n  t h e  range of interest  i s  w e l l  f i t t e d  by the  express ion  2 
b(PG) = 0.042 + 0.0016 Ln (E’,) (19) 
w i t h  P i n  m i l l i b a r s ,  o r  i f  t h e  surface mass M i s  g r e a t e r  than  zero  
i n i t i a l l y ,  E q s .  (4a) and (5a) are used i n s t e a d  t o  allow f o r  formation 
and subl imat ion  of dry ice on t h e  sur face .  
w a s  t aken  t o  be equa l  t o  0.2 cm, and the temperature  of  t h e  lower 
boundary, a t  8 cm below t h e  surface,  w a s  a f ixed  preassigned value.  
Th i s  f ixed  lower boundary condi t ion produced an  a r t i f i c i a l  h e a t  f l u x  
i n  t h e  s o i l ,  bu t  t h e  magnitude of t h i s  f l u x  i n  a l l  of t he  c a l c u l a t i o n s  
amounted t o  less than  2 per cent  o f  t h e  t o t a l  d a i l y  emission from the  
s u r f a c e ,  and thus  would have produced a change i n  mean ground temper- 
a t u r e  o f  less t han  1.5OK. 
G 
In t he  c a l c u l a t i o n s ,  & 
A s i m p l i f i e d  approximate method o f  t r e a t i n g  the  d i u r n a l  v a r i a t i o n  
of  s o i l  h e a t  f l u x  t h a t  i s  s u i t a b l e  f o r  use wi th  numerical  models of 
t h e  atmospheric c i r c u l a t i o n  i s  descr ibed i n  t h e  Appendix. 
CONVECT ION 
Convective exchange between layers  1 and 3 w a s  assumed t o  t ake  
p l ace  extremely r a p i d l y  i f  t h e  lapse rate def ined  by T1 and T 
t h e  dry  a d i a b a t i c ,  and not  t o  t ake  p l ace  a t  a l l  when t h i s  l apse  rate i s  
less than  t h e  dry  ad iaba t i c .  Thus 
exceeds 3 
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- T~ - ra) > o 3 when 0 
and c2 = 0 
when (T, - T1 - Ta) < 0. The dry adiabatic lapse Fa is given by 
I ' a = g C  -1 A 
P 
For Mars temperatures, the specific heat of.CO 
varies considerably with temperature. 
at constant pressure 2 
The expression 
= E734 + 1.1 (T. - 200)] x l o 3  ergs/gm-deg cP 
which i s  approximately valid over the temperature range 120 S T 5 350°K 
has been used in the model. The constant h was arbitrarily chosen to 
give a characteristic adjustment time of about 10 minutes. Its value 
is h = 0.53 x 10 ergs/cm -sec-deg. 
2 
6 2 
2 
Convective exchange between the ground and lower atmospheric layer 
is also assumed to be proportional to a temperature difference. 
this case, 
In 
c4 = h4(TG - T4) (22) 
The value of  the parameter h was also estimated from the observed 
diurnal ground temperature variation, as described in the next section. 
4 
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Equations (l), (2), and (3) were i n t e g r a t e d  wi th  t h e  a i d  of t h e  
boundary cond i t ions  from a r b i t r a r y  i n i t i a l  condi t ions  u n t i l  equi l ibr ium 
w a s  reached. 
temperature change was less t h a n  0 . I 0 R  w e r  one complete d i u r n a l  cycle.  
An except ion  t o  t h i s  r u l e  occurred when temperatures  of t h e  ground 
s u r f a c e  and of  both atmospheric layers  reached t h e  dry ice condensation 
p o i n t  and remained a t  o r  below t h i s  va lue  throughout t h e  day. The 
model w a s  t hen  assumed t o  be i n  equi l ibr ium a t  these  temperatures ,  
even though computed atmospheric  temperatures were s t i l l  decreas ing  
very  slowly i n  some cases. 
Equi l ibr ium w a s  considered t o  have been reached when t h e  
The f i r s t  problem s tud ied  was t h e  de te rmina t ion  of  t h e  parameters 
K and h appear ing  i n  E q s .  (3) and (22). The procedure w a s  t o  seek 
t h e  combination of K and h t h a t  gave t h e  b e s t  agreement w i t h  t h e  
e q u a t o r i a l  d i u r n a l  temperature v a r i a t i o n  observed by S in ton  and Strong 
(1960). 
by ano the r  s tudy (Leovy, 1965) i n  which it w a s  shown t h a t  t he  phase 
l ag  of the  d i u r n a l  temperature curve i s  determined p r imar i ly  by the  
r e l a t i v e  magnitudes of h 
l a r g e l y  by t h e  magnitude o f  h4. 
t h e  phase l a g  becomes t o o  l a rge  compared w i t h  t h a t  observed. 
i s  t o o  l a rge ,  t h e  amplitude of the  computed d i u r n a l  temperature  wave 
i s  t o o  small; i f  h i s  too  s m a l l ,  the  amplitude of  t h e  computed d i u r n a l  
temperature  wave i s  t o o  la rge .  The b e s t  va lues  der ived  by Leovy (1965) 
from Sin ton  and S t rong ' s  observat ions were 
4 
4 
Some guidance i n  f i t t i n g  these  parameters has  been provided 
and K, while t h e  amplitude i s  determined 
i s  too  s m a l l  re la t ive t o  K, 
4 
If h 4 
I f  h4 
4 
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2 
h4 - 4000 ergs/cm -sec-deg 
2 6 x > K > 2 x cm /sec - -  
I n  der iv ing  these  va lues  of K i t  was assumed t h a t  t h e  volume h e a t  
c a p a c i t y  of t h e  Mars s o i l  i s  
7 2 (pc) ,  = 1.26 x 10 ergs/cm -deg 
This  value of (pc) i s  a l s o  t h e  one used i n  the  present  s tudy.  G 
Figure 2 i l l u s t r a t e s  s e v e r a l  a t tempts  t o  f i t  t h e  four "best" 
temperature curves  of S in ton  and St rong  i n d i c a t e d  by the  e r r o r  ba r s .  
Curve e,  based on the  f i g u r e s  given above, does no t  give a s a t i s f a c t o r y  
f i t .  Each of the  o t h e r  curves  gives  a f i t  t o  t he  d a t a  which may be 
regarded a s  s a t i s f a c t o r y ,  bu t  curve b g ives  t h e  b e s t  o v e r a l l  f i t  t o  
the  shape of t h e  da t a ,  a l though i t  has  a n  average temperature about 
4 O K  t o o  high.  Curve b w a s  computed assuming h = 0 when T < T4. This  
condi t ion  was motivated by t h e  w e l l  known hea t  f l u x  r e c t i f i c a t i o n  e f -  
f e c t  i n  t h e  e a r t h ' s  atmosphere:  h e a t  f l u x  i s  very  much g r e a t e r  when 
the surface a i r  layer i s  uns tab ly  s t r a t i f i e d .  Because t h i s  i s  a very 
p l aus ib l e  assumption f o r  Mars, and because the  shape of curve b most 
4 G 
c lose ly  matches t h a t  of t h e  observa t ions ,  t h e  case  b parameters 
(K = 7 x 
were used i n  t h e  remainder of t h e  s tudy.  C l e a r l y ,  however, t h e r e  i s  
considerable  l a t i t u d e  i n  t h e  poss ib l e  va lues  of K and h Figure 3,  
showing t h e  d i u r n a l  v a r i a t i o n  of ground and atmospheric temperatures  
f o r  the e q u a t o r i a l  case, a l s o  i l l u s t r a t e s  t h e  e f f e c t  of t h e  assumption 
t h a t  convection vanishes  when T < T 4 .  The d i u r n a l  ground temperature 
range i s  increased  by t h i s  assumption, but  t h e  atmospheric temperature 
h4 = 0 when TG < T4) = 2500 when TG > T4, 2 cm /sec, h 4 
4' 
G 
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range i s  decreased. Most s i g n i f i c a n t l y  perhaps,  t he  assumption t h a t  
convective hea t  f l u x  i s  predominantly upward leads  t o  atmospheric 
temperatures averaging 10" t o  20°K h ighe r  than  they would be i f  both 
upward and downward hea t  f l u x  wi th  h = 2500 were allowed. 4 
The minimum ground temperature  shown i n  Fig.  3 may be regarded as 
c l o s e  t o  a lower l i m i t  f o r  t h e  l a t i t u d e  and season, s ince ,  i n  the 
absence of  n ight t ime convection, only r a d i a t i o n  and s o i l  conduct iv i ty  
c o n t r o l  t h e  r a t e  of f a l l  of ground temperature.  There i s  l i t t l e  lee- 
way for  a l t e r i n g  the  r a d i a t i v e  cool ing  ra te ,  c o n s i s t e n t  w i th  a 5-mb 
carbon dioxide atmosphere. Figure 1 shows t h a t  va lues  of  K much lower 
than  7 x 
the  d iu rna l  curve.  Since any tu rbu len t  h e a t  exchange a t  n igh t  would 
r a i s e  the minimum temperature ,  t n e  ind ica t ed  value i s  about t h e  lowest 
t h a t  can be  expected c o n s i s t e n t  wi th  the  observa t ions .  
2 
cm / sec  a r e  no t  c o n s i s t e n t  w i th  the  observed po r t ion  of 
The model w a s  next  app l i ed  t o  the  s imula t ion  of seasonal  and 
l a t i t u d i n a l  temperature v a r i a t i o n s .  I n  each case ,  computations were 
s t a r t e d  from 200'K a t  a l l  l e v e l s .  Ca lcu la t ions  were made f o r  t h e  two 
s o l s t i c e s  and t h e  two equinoxes a t  20" i n t e r v a l s  of  l a t i t u d e  between 
80"N and 80°S. Equilibrium w a s  reached i n  about 5 days near  the  equator  
and i n  about 20 days i n  po la r  regions.  Resu l t s  i n  terms of  mean t e m -  
pera tures ,  d i u r n a l  temperature ranges,  and noon temperatures fo r  the  
southern s p r i n g  and summer are given i n  F igs .  4 and 5. 
from symmetry i n  t h e  s p r i n g  case  are due t o  albedo d i f f e r e n c e s ;  albedos 
used for  a l l  seasons,  based on da ta  provided by de Vaucouleurs, 
given i n  Table 3. 
Deviat ions 
* 
are 
* 
Personal communication. 
I 
-17- 
I. 
I 
I 
I 
I 
I 
I 
\ 
I -  
\ +  
I 
\ 
I 
I 
I 
I 
I 
I 
I 
Y 
0 
I 
Q) 
L 
3 + 
CTI 
I al a 
E 
Q) 
I- 
- 
2 
0 
I 
aJ 
I 
3 + m 
I 
aJ a 
E 
aJ 
I- 
275 - 
Daily mean temperatures 
- 
325 
275 
225 
175 
125 
Noon te m pe rat u res 
x Observed (Gifford ) 
I I I I I I I I I 
150 r Diurnal temperature range 
Q) n 
50 
c 
aJ 
m 
L 
90 70 50 30 10 10 30 50 70 90 
North latitude ( " 1  South latitude ( " 1  
0 
Fig.4-Temperatures for southern spring equinox 
- 19- 
275 
225- 
175 
125 
- 
- 
- 
- 
- 
I I I I I 1 I I I 
Daily mean temperatures 
325 
275 
225 
175 
125 
150 
L. 
Y e 100 
W 
i 
W 
50 
Noon temperatures 
/ X \ 
( b )  
x Observed (Gifford) 
0 Observed (Sinton and Strong) 
Diurnal temperature range 
Ti = i o  corresponds to a depth 
of 2 c m  i n  the ground 
\ ( c )  
\ 
North latitude ( " 1  South latitude ( " 1  
Fig.5-Temperatures for southern summer solstice 
-20- 
North La t i tude  
(deg) 
80 
60 
40 
20 
0 
Table 3 
ALBEDOS USED I N  THE CALCULATIONS 
Albedo 
0.45 
0.17 
0.25 
0.27 
0.23 
South La t i tude  
0.26 
60 
40 
0.17 
0.21 
The f l a t  po r t ions  of t h e  curves i n  po la r  reg ions  correspond t o  t h e  
occurrence of a dry i c e  cap, the  l a t e n t  hea t  of which a c t s  as a hea t  s t o r -  
age r e se rvo i r  prevent ing  any d i u r n a l  range i n  ground temperature .  The 
pers i s tence  of a dry ice cap i s  a ided  by the  high albedo of t h e  i ce .  
This  i s  i l l u s t r a t e d  by t h e  ex i s t ence  i n  the  computations of a p e r s i s t e n t  
i c e  cap a t  80°N a t  the  s p r i n g  equinox (albedo 0 . 4 5 )  and the  absence of  a 
p e r s i s t e n t  cap a t  80's (albedo 0.26). 
sho r t ly  after sunse t  a t  8 O o S ,  but  i t  disappeared by noon. 
rate o f  dry i c e  formation, 80°N i n  t h e  no r the rn  win te r ,  w a s  0.35 grams/ 
cm -day. 
Dry i c e  d id  form on t h e  ground 
The maximum 
2 
Also shown i n  Figs .  (4b) and (5b) a r e  t h e  corresponding temperatures  
given by Gi f ford  (1956) and one poin t  corresponding t o  t h e  d a t a  of  S in ton  
and Strong (1960), which was used t o  c a l i b r a t e  h4 and K i n  the  model. 
i den t ly  the  d i f f e r e n c e s  between the  c a l c u l a t e d  l a t i t u d i n a l  temperature  d i s -  
t r i b u t i o n  and t h a t  given by Gi f fo rd  are due pr imar i ly  t o  the  fact  t h a t  
Sinton and S t rong ' s  d a t a  were used f o r  c a l i b r a t i o n .  Therefore ,  d i scuss ion  
of the dev ia t ions  of t he  computed temperatures  from the  temperatures  pre-  
sented by Gif ford  does not  seem j u s t i f i e d .  
Ev- 
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Computations w e r e  a l s o  ca r r i ed  o u t  for Southern Hemisphere f a l l  
and win te r .  
(except of course f o r  r e v e r s a l  of t he  win te r  curve r e l a t i v e  t o  summer); 
tempera tures  were genera l ly  4' t o  6OK lower as a r e s u l t  of t h e  g r e a t e r  
d i s t a n c e  o f  Mars from t h e  sun during t h e s e  seasons. 
Di f fe rences  from t h e  sp r ing  and sununer curves were s l i g h t  
A c a l c u l a t i o n  w a s  made for the condi t ions  a t  the  poin t  of tangency 
on Mars of  t h e  l i n e  of s i g h t  of Mariner 4 on t h e  day of occu l t a t ion ,  
and equ i l ib r ium condi t ions  a r e  i l l u s t r a t e d  i n  Fig. 6 .  The e r r o r  bar  
g ives  t h e  probable range of mean atmospheric temperature ,  based on t h e  
measured s c a l e  he ight  and t h e  assumption of  a pure carbon dioxide atmos- 
phere  (Kliore, e t  al.,  196s). 
lower than  the  mean of T and T 
The Mariner 4 temperature i s  about 20° 
3' 1 
Assuming t h e  Mariner 4 value  t o  be c o r r e c t ,  t h e r e  are s e v e r a l  
reasons  for t he  discrepancy : 
The o c c u l t a t i o n  measurement has  been used t o  de r ive  a s i n g l e  
It may be t h a t  t h e  occu l t a -  
t i o n  da ta  are weighted more heav i ly  toward t h e  upper p o r t i o n  
of t h e  atmosphere, where lower temperatures  are t o  be expected. 
If a model us ing  t h e  same value  of  k 
vective hea t  f l u x  r e c t i f i c a t i o n  had been used, t h e  ca l cu la t ed  
mean atmospheric temperature a t  t h e  time of  o c c u l t a t i o n  would 
have been about 6OK lower. 
The value of h used may have been t o o  l a r g e ;  a smaller va lue  
would lead t o  lower atmospheric temperatures ,  e s p e c i a l l y  i n  
t h e  a f te rnoon when atmospheric temperatures  are r e l a t i v e l y  
high.  I n  f a c t ,  measured atmospheric temperatures  would give 
an  a l t e r n a t i v e  and perhaps b e t t e r  way of c a l i b r a t i n g  t h e  
mean" atmospheric temperature. 11 
but assuming no con- 4 
4 
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model than  t h e  method used he re .  Measurements of d i u r n a l  
temperature  range i n  t h e  atmosphere would be p a r t i c u l a r l y  
h e l p f u l .  
Because of t h e  l a t i t u d e  and season, any l a rge - sca l e  c i r c u l a t i o n  
e f f e c t s  would be expected t o  lead  t o  warmer atmospheric temperatures 
than  would occur i n  t h e  absence of c i r c u l a t i o n .  Hence t h e  e f f e c t  of 
l a rge - sca l e  c i r c u l a t i o n s  would be to  i nc rease  t h e  discrepancy between 
t h e  computed and observed atmospheric temperature.  
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IV. IMPLICATIONS OF THE CALCULATED TEMPERATURES 
As pointed out i n  the  previous s e c t i o n ,  t he  d i f f e r e n c e s  between 
ground temperatures  given by d i f f e r e n t  observers  are comparable t o  
d i f f e rences  between observed temperatures  and t h e  model temperatures .  
Thus any d iscuss ion  of c i r c u l a t i o n  based on d i f f e r e n c e s  between observed 
temperature d i s t r i b u t i o n s  and model temperature  d i s t r i b u t i o n s  does not  
s e e m  j u s t i f i e d .  
There i s ,  however, one very sugges t ive  f e a t u r e  of  t h e  model. This  
i s  the formation of a dry ice cap whose maximum e x t e n t  ( the e x t e n t  a t  
win ter  s o l s t i c e )  corresponds w e l l  w i t h  t h e  maximum ex ten t  of some kind 
of "ice-caps" on t h e  a c t u a l  p lane t  (see, f o r  example, S l i p h e r ,  1962). 
I f  the  model i s  accepted as v a l i d ,  t h i s  may be taken  as evidence t o  
corroborate  the  hypothes is  t h a t  the  caps are composed of s o l i d  carbon 
dioxide.  I f  t h i s  i s  t r u e ,  t h e r e  are a number o f  i n t e r e s t i n g  impl ica t ions .  
For one t h i n g ,  i t  means t h a t  t h e  atmosphere i t s e l f  condenses, and a 
f l u c t u a t i o n  i n  t h e  average su r face  p re s su re  should be a s s o c i a t e d  wi th  
t h e  formation and subl imat ion of t h e  caps. For another  t h ing ,  t h e  caps 
would r ep resen t  s u b s t a n t i a l  hea t  s to rage  r e s e r v o i r s  t h a t  would cause 
seasonal  l a g  i n  the  ground and atmospheric temperatures  behind t h e  s o l a r  
energy inpu t .  Because of t h e  low hea t  capac i ty  of a 5-mb atmosphere, 
and the low hea t  s to rage  capac i ty  of  t h e  s o i l ,  as deduced i n  t h e  pre-  
ceding sec t ion ,  t h i s  e f f ec t  provides  t h e  only f e a s i b l e  mechanism for  
causing such a lag.  
sphere i s  a c t u a l l y  about 14 microns, as t h e  observa t ion  of Kaplan, 
Munch, and Spinrad (1964) sugges ts ,  t h i s  r e p r e s e n t s  a n e g l i g i b l e  hea t  
s torage  capac i ty . )  
( I f  t h e  amount of p r e c i p i t a b l e  water i n  t h e  atmo- 
The c a l c u l a t i o n s  a l s o  i n d i c a t e  atmospheric 
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temperatures  f a l l i n g  t o  t h e  dry ice poin t  i n  the  po la r  cap region.  I f  
carbon d ioxide  can condense i n  the  atmosphere, e i t h e r  homogeneously 
o r  by nuc lea t ion ,  such l a r g e  amounts of l a t e n t  h e a t  would immediately 
be l i b e r a t e d  t h a t  t h e  temperature  could f a l l  no f a r t h e r .  Thus t h e  
CO 
atmosphere (Johnson, 1965). Much of t h e  apparent  m i s t i n e s s  around 
vapor p re s su re  curve becomes t h e  l i m i t i n g  low temperature  o f  t he  2 
t h e  po la r  cap reg ions  i n  t h e  f a l l  (S l ipher ,  1962) might t hus  be dry 
i c e  m i s t .  Because minimum temperatures a t  l a t i t u d e s  away from t h e  
p o l a r  reg ions  are w e l l  above the  dry i c e  po in t ,  it i s  un l ike ly  t h a t  t he  
morning limb m i s t s  can be explained i n  t h i s  way. On t h e  o t h e r  hand, 
i f  t h e  t o t a l  amount of w a t e r  i n  a column w e r e  everywhere 14 microns,  
and i f  t h e  w a t e r  w e r e  evenly d i s t r i b u t e d  wi th  he igh t ,  t h e  f r o s t  po in t  
would be about 193OK. According t o  Fig.  2, even on the  equator  t h e  
temperature  i s  probably lower than  t h i s  from midnight t o  about one 
hour a f t e r  sun r i se .  Thus t h e  morning m i s t  could w e l l  be a n  ice c r y s t a l  
phenomenon. 
I f  carbon dioxide can condense, i t s  l a t e n t  h e a t  r e p r e s e n t s  a very  
important  element i n  t h e  t o t a l  hea t  balance.  Consider a simple model 
o f  c i r c u l a t i o n  over a dry ice polar  cap. The n e t  r a d i a t i v e  h e a t  l o s s  
i s  balanced by release of l a t e n t  heat t h a t  i s  c o n t i n u a l l y  r e supp l i ed  
by a s teady  inf low of carbon dioxide t o  t h e  po la r  cap region.  Such 
an inf low would be r egu la t ed  by the f r i c t i o n a l  e f f e c t  o f  smal l - sca le  
tu rbu lence ;  t h i s  e f f e c t  would l i m i t  t h e  inflow t o  a su r face  boundary 
l a y e r  of Ekman type,  t h e  depth o f  which inc reases  as t h e  square r o o t  
of t h e  t u r b u l e n t  v i s c o s i t y  c o e f f i c i e n t .  
This  model can be formulated q u a n t i t a t i v e l y  i n  t h e  fol lowing way 
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The equation of c o n t i n u i t y  f o r  an atmospheric  column over dry i c e  i s  
where PG i s  t he  su r face  p re s su re ,  p i s  t h e  d e n s i t y ,  I i s  t h e  h o r i z o n t a l  
wind ve loc i ty ,  g i s  t h e  a c c e l e r a t i o n  of g r a v i t y ,  and 'J i s  the  h o r i z o n t a l  
nabla  operator .  The energy equat ion  f o r  such a column i s  
dM 
= S4(1 - A) - Fo + - 
d t  
w i th  u and v the  h o r i z o n t a l  wind components, and C t h e  s p e c i f i c  hea t  
a t  constant  volume. 
v 
I n  Eq. (24 )  conduction of hea t  i n t o  the  s o i l  has been neg lec t ed ,  
s i n c e  the  s o i l  temperature  would equa l i ze  a t  T soon a f t e r  t h e  forma- 
t i o n  of a dry i c e  cap. Combining Eqs. (23) and (24) and us ing  t h e  
hydros t a t i c  equat ion  
S 
we obta in  
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m 
+ V *  {CpT + gz + L i- 1/2(u2 + v2)} px dz 
0 
= S4 (1 - A) - Fo (26 1 
Equation (26) i s  t o  be app l i ed  t o  a po la r  cap reg ion  bounde-d by a 
l a t i t u d e  c i r c l e  j u s t  w i th in  the edge of the  dry  i c e  cap. When aver-  
ag ing  i s  done wi th  r e spec t  t o  time and with r e spec t  t o  l a t i t u d e ,  t he  
time d e r i v a t i v e  drops o u t ;  and, i f  t h e  average i s  denoted by ( 1 
and dev ia t ions  from it by ( )I ,  we have 
- -  OD 
J' [CpT + gz + L + 1/2(u2 + v2)]cPvl dz 
0 
1 - s i n  (p OD - 
= aFo - i(CpT)'(pv)' + 1/2(u2 + v 2 ) '  (pv) ']  dz (27) 
0 cos (p 
a t  l a t i t u d e  cp when i n  t h e  polar  night regime (S = 0). I n  Eq. (27), 4 
a i s  t h e  p l ane ta ry  rad ius .  The terms involv ing  k i n e t i c  energy 
1/2(u + v ) are s m a l l  compared with those  involv ing  thermodynamic 2 2  
energy and can be neglected.  One may expect t h a t  s e n s i b l e  hea t  t r a n s -  
p o r t  by edd ie s  w i l l  be p o s i t i v e  over t h e  win te r  po la r  cap, s o  t h a t  
Thus t h e  va lue  of  computed on t h e  b a s i s  of t h e  e q u a l i t y  i n  Eq. (28) 
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i s  an upper l i m i t  t o  t h e  s teady  mer id iona l  mass flow requ i r ed  t o  b a l -  
ance the  outgoing r a d i a t i o n .  We s h a l l  c a l c u l a t e  t h i s  
use of t h e  equa t ion  of motion. For t h e  s teady  s t a t e ,  
t e n  i n  component form f o r  t h e  mean flow approximately 
2- a v  
n L a Z  
where K ,  the  c o e f f i c i e n t  of t u rbu len t  v i s c o s i t y ,  i s  
l i m i t  by making 
t h i s  can be w r i t -  
as 
(30) 
assumed t o  be a 
constant .  Over the  polar  cap the  atmospheric temperature should be 
everywhere near  the  s a t u r a t i o n  equi l ibr ium temperature f o r  C02. 
i s  a slowly vary ing  func t ion  of  pressure ,  and i t  i s  s u f f i c i e n t  t o  t ake  
T as a constant  T everywhere over t h e  po la r  cap. The pressure  grad i -  
en t  then depends only on t h e  g rad ien t  o f  su r f ace  p re s su re :  
Th i s  
* 
Equations (29) and (30) then  have the  w e l l  known Ekman layer s o l u t i o n  
where 
* 
u = u + v s i n  (€2 + y) (33) 
and 
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i s  t h e  geos t rophic  wind. Equations (32) and (33) s a t i s f y  t h e  r equ i r e -  
ment t h a t  v e r t i c a l  f l u x  of momentum van i sh  as z -.( =. The cons t an t s  V 
and y are then  t o  be determined by lower boundary condi t ions .  
d i t i o n  a t  t h e  lower boundary is t h a t  a logar i thmic  boundary l aye r  must 
ex is t  c l o s e  t o  t h e  ground. In t h i s  case, 
The con- 
where C i s  a drag c o e f f i c i e n t  tha t  should have a value near  0.001 
based on terrestrial experience over snow-covered sur faces .  Equations 
(35) and (36), and Eq. (28) t aken  a s  an  e q u a l i t y ,  serve as condi t ions  
on t h e  s o l u t i o n s  of Eqs. (32) and (33) t o  determine the  t h r e e  unknown 
parameters V, y, and u . 
f e a t u r e s  of  t he  r e s u l t s  are compiled i n  Table 4 f o r  va r ious  va lues  o f  
t h e  t u r b u l e n t  v i s c o s i t y  K . 
D 
* 
For a l a t i t u d e  r i n g  a t  70°, t h e  s a l i e n t  
The atmospheric pressure  f luc tua t ion  a r i s i n g  from condensation i s  
independent of r t .  The t o t a l  mass l o s s  rate f o r  a po la r  cap between 
70° and t h e  pole  is  1.5 x 10 
Averaged over t h e  en t i re  p l ane t ,  t he  ra te  of p re s su re  l o s s  i s  0.38 x 
10 mb/sec. 
one would expect  such a loss rate t o  lead  t o  a pressure  f l u c t u a t i o n  
11 gm/sec, bu t  t h i s  loss is made up by inflow. 
7 Based on t h e  observed v a r i a t i o n s  i n  po la r  cap boundaries ,  
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u4 V U* 
averaged over t h e  e n t i r e  atmosphere of  t h e  order  of  1 mb between per iods  
v4 
of minimum and maximum e x t e n t  of  t he  p o l a r  caps.  
49.0 60.3 12.4 
13.5 24.2 12.4 
4 .1  15.3 12.4 
1 .7  15.3 14.1 
Table 4 
DEPENDENCE OF SURFACE W I N D  ANGLE y, (MEASURED CLOCKWISE 
FROM NORTH I N  THE'NORTHERN HEMISPHERE) W I N D  AMPLITUDE V, 
GEOSTROPHIC W I N D  u , AND SURFACE WIND COMPONENTS 
AND v4 ON TURBULENT VISCOSITY K 
* 
u4 
10.0 
6.6 
2.7 
1.8 
K 
(cm /sec)  2 
NOTE : 
p 4  = 1.9  x 
(20 s i n  tp) 
-78.2 
-60.8 
-47.8 
-45.4 
(m/sec> 1 (m/sec> I (m/sec> I (m/sec> 
* 2 
It was assumed t h a t  T = TG = T = 145'K, g = 374 cm/sec 
3 s 9  p / c m  , CD = .001, L = 6.14 x 10 ergs/gm, and 
-4 -1 
= 1.4  x 10 sec . 
The i n s e n s i t i v i t y  of  t h e  computed winds t o  the  va lue  of K over 
6 2  the  reasonable range l o 3  t o  10 
vary ing  K i s  t aken  up p r imar i ly  i n  changing t h e  depth o f  t h e  inf low 
l a y e r .  The computed va lues  of wind speed are q u i t e  moderate, p a r t i -  
c u l a r l y  when compared wi th  t h e  winds t h a t  would be r equ i r ed  t o  balance 
po la r  cap r a d i a t i o n  l o s s e s  if l a t e n t  h e a t  of  carbon dioxide were not  
r e l eased  a t  t h e  polar  caps. Consider,  f o r  example, the  winds t h a t  
would be r equ i r ed  i f  only s e n s i b l e  h e a t  t r a n s p o r t  by eddies  were 
ava i l ab le  t o  make up t h e  r a d i a t i v e  l o s s .  
cm / sec  i s  remarkable. The e f f e c t  of 
Then from Eq. (27), 
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where t h e  a's are var iances ,  and r(v,  T)  i s  a c o r r e l a t i o n  c o e f f i c i e n t  
( r (v ,  T) 5 1). 
can relate ~ ( v )  and a(T): 
From t h e  hydros t a t i c  and geostrophic  r e l a t i o n s ,  one 
where h is  an eddy wavelength. Thus 
- 
Taking tp = 70°, and assuming t h a t  F 
18OOK (190OK has o f t e n  been suggested f o r  t he  polar  sur face  temperature,  
see S l iphe r ,  1962), w e  f ind  t h a t  0 (v) N > 25(a/A)l12. 
be less than  (4m cos CP)-"~, so t h a t  a t  70°N an absolu te  lower l i m i t  
corresponds t o  a black body a t  0 
(a/AI1I2 cannot 
is (a/h)'l2 - 0.49, CT (v) > 12 m/sec. On t h e  e a r t h ,  t h e  c o r r e l a t i o n  
c o e f f i c i e n t  r (v, T) < 0.3 i n  general ,  and h < a, so t h a t  reasoning 
by analogy, w e  may expect o (v) > 40 d s e c .  
indeed, some four  times t h e  corresponding value on the  e a r t h .  On the  
N 
This  is a very l a rge  value 
o t h e r  hand, t he  v e l o c i t i e s  t h a t  would be requi red  i f  only sens ib l e  
hea t  (C T)  were being t ranspor ted  by a s teady  symmetric c i r c u l a t i o n  
P 
would be l a r g e r  s t i l l  -- on t h e  order of t e n  t imes those  es t imated  i n  
- 
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t he  l a t e n t  hea t  case.  
The very l a rge  demands on the  c i r c u l a t i o n  i f  t he  polar  cap does 
- not  contain s o l i d  carbon d ioxide  lend credence t o  t h e  dry i c e  cap 
hypothesis .  Fur ther  support  f o r  t h e  hypothes is  comes from cons ide ra t ion  
of the  s t a b i l i t y  of a dry i c e  cap r e l a t i v e  t o  a t h i n  layer of ord inary  
i c e .  The th ickness  of an  ord inary  i c e  cap could hard ly  be more than  
a s m a l l  f r a c t i o n  of a gram per square cent imeter ,  cons i s t en t  wi th  t h e  
very  l o w  apparent  water vapor content  of t h e  atmosphere. The rate of 
evaporat ion of t h e  cap would be c o n t r o l l e d  p r imar i ly  by t h e  r a d i a t i o n  
f i e l d  t o  which i t  i s  exposed. The v a r i a t i o n s  i n  t h i s  r a d i a t i o n  f i e l d  
would be  only a l i t t l e  less i n t e n s e  than  those t o  which t e r r e s t r i a l  
snow f i e l d s  a r e  sub jec t .  Thus a f r a c t i o n  of a gram per square cent imeter  
of snow o r  f r o s t  on Mars could hard ly  be expected t o  survive over long 
per iods i n  t h e  face of  such r a d i a t i o n  v a r i a t i o n s  as the  d i u r n a l  one. 
I n  f ac t ,  t h e  Mars ice caps a r e  remarkably s t a b l e ;  they do not  disappear  
when exposed t o  sun l igh t ,  and t h e i r  r e t r e a t  t akes  place i n  a r e g u l a r  
and repeated fashion year  a f t e r  year  (S l ipher ,  1962). This  behavior 
i s  much more cons i s t en t  wi th  a r e l a t i v e l y  t h i c k  depos i t  of dry ice  than  
wi th  a very t h i n  l aye r  of ord inary  i c e .  
On the  o the r  hand, t h e  l a t i t u d i n a l  temperature g rad ien t s  of F igs .  
4 and 5 s t rong ly  suggest t h a t  t he  rad ia t ive-convec t ive  equi l ibr ium s ta te  
produced by t h i s  model would be b a r o c l i n i c a l l y  uns tab le  (Mintz, 1961). 
Under such cond i t ions ,  l a rge - sca l e  h o r i z o n t a l  eddies  would be expected 
t o  play an important r o l e  i n  t r a n s p o r t i n g  hea t  toward the  pole  and 
would a l t e r  t he  simple p i c t u r e  of a symmetric po la r  c i r c u l a t i o n  d i s -  
cussed above. 
h e l p  t o  answer the  ques t ion ,  Do such eddies  p lay  an important r o l e  on Mars? 
It i s  hoped t h a t  t h e  genera l  c i r c u l a t i o n  experiment w i l l  
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V. SPACE PROBE EXPERIMENTS 
The model i s  capable  o f  p red ic t ing  a number of  f e a t u r e s  of t h e  
Mar t i an  temperature  climate as they would occur i n  t h e  absence o f  cir-  
c u l a t i o n .  
a t u r e  d i s t r i b u t i o n s ,  mod i f i ca t ion  may w e l l  be small i n  an atmosphere 
like t h a t  of  Mars, which i s  t h i n  and acts as an  e f f i c i e n t  r a d i a t o r .  
The model con ta ins  two a d j u s t a b l e  parameters, however, t h a t  are b e s t  
c a l i b r a t e d  by d i r e c t  observa t ion  of Mars temperatures .  This  sugges ts  
a c l a s s  of experiments t h a t  can be made t o  c a l i b r a t e  the  model by 
s tudy ing  d i u r n a l  temperature v a r i a t i o n s  i n  the ground and atmosphere. 
Other r e l a t e d  experiments on t h e  na ture  of the  po la r  caps and on t h e  
dependence of  p l ane ta ry  hea t  balance on l a t i t u d e  and season a l s o  sug- 
g e s t  themselves. 
EXPERIMENTS FOR CALIBRATING THE MODEL 
Although c i r c u l a t i o n  would modify such equ i l ib r ium temper- 
The type of experiment t h a t  could b e s t  be made t o  c a l i b r a t e  t h e  
model i s  suggested by the  model r e s u l t s  themselves. 
The f i r s t  kind would be rad iometr ic  measurements of t h e  d i u r n a l  
v a r i a t i o n s  of su r face  temperature. P a r t i c u l a r l y  important  i n  t h i s  
r ega rd  would be measurement of temperatures on t h e  n i g h t  s i d e  and 
f u r t h e r  confirmation of t h e  very small phase lag  of t h e  temperature  
maximum r e l a t i v e  t o  l o c a l  noon t h a t  appears  i n  S in ton  and S t rong ' s  
observa t ions .  Although such measurements have been made from t h e  e a r t h ,  
they  could be done f a r  more accu ra t e ly  and r e l i a b l y  from ou t s ide  our 
atmosphere, and p a r t i c u l a r l y  from a Mars flyby. Furthermore, no obser-  
v a t i o n s  of t h e  n ight t ime temperature of t h e  Mart ian su r face  have been 
r e p o r t e d  so f a r .  An experiment such a s  would be r equ i r ed  he re  has  been 
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ca r r i ed  out  wi th  g r e a t  success  on Venus and should be r e l a t i v e l y  e a s y  
t o  repeat on Mars. 
Even more u s e f u l ,  bu t  more d i f f i c u l t ,  would be experiments t o  
measure atmospheric temperature .  S ince  both d a i l y  average atmospheric 
temperatures and d i u r n a l  v a r i a t i o n s  a r e  very s e n s i t i v e  t o  the  ra te  of 
convective t r a n s f e r  i n t o  the  atmosphere, any experiments g iv ing  i n f o r -  
mation on these  q u a n t i t i e s  would be very  va luable ,  even i f  only crude 
v e r t i c a l  r e s o l u t i o n  could be achieved. It would be p a r t i c u l a r l y  valu-  
a b l e  t o  have measurements wi th  a t  least two degrees  o f  freedom i n  the  
v e r t i c a l .  A t  least one p a i r  of such measurements should be a t  t h e  same 
l a t i t u d e  i n  both la te  a f te rnoon (atmospheric temperature maximum) and 
e a r l y  morning (atmospheric temperature minimum). 
could b e s t  be c a r r i e d  out  by a c t u a l l y  dropping temperature  measuring 
instruments i n t o  the  atmosphere, a l though r epea t ing  the o c c u l t a t i o n  ex- 
periment of Mariner 4 ,  o r  scanning t h e  p lane t  i n  the  wings o f  t h e  15- 
micron band, might produce u s e f u l  r e s u l t s .  
of such measurements, i f  t h e i r  s e p a r a t i o n  i n  space and t i m e  were not  
l a r g e ,  would be the  p o s s i b i l i t y  of u s ing  them t o  ob ta in  a measure of 
t h e  v e r t i c a l  shear  of t h e  geos t rophic  wind a t  s p e c i f i c  p o i n t s  and t i m e s .  
Because of t he  high r o t a t i o n  ra te ,  geos t rophic  winds should be q u i t e  
c lose  t o  a c t u a l  l a rge - sca l e  winds. 
AN EXPERIMENT FOR DETERMINING THE NATURE OF THE P o w  CAPS 
Such experiments 
One very u s e f u l  by-product 
The hypothesis  t h a t  t h e  polar  cap c o n s i s t s  of s o l i d  carbon dioxide 
could b e  checked simply by scanning the  cap wi th  a radiometer.  
could b e s t  be done i n  la te  win te r  o r  sp r ing  when the  cap i s  r e l a t i v e l y  
f r e e  from clouds.  I f  and only if t h e  emission temperature i s  near t h e  
sublimation poin t  of  C02, 146"K, t he  cap must be predominantly composed 
This  
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of  Cog, a l though of course some water may a l s o  be present .  
check could be obta ined  from temperature v a r i a t i o n s  ac ross  t h e  cap. 
A f u r t h e r  
A 
dry  ice cap would have t o  be nea r ly  uniform i n  temperature;  an ord inary  
ice cap could show cons iderable  v a r i a t i o n .  
AN EWWIMENT TO MEASURE LATITUDINAL AND SEASONAL DISTRIBUTION OF THE 
PLATWTARY RADIATION BAIANCE 
The p lane ta ry  r a d i a t i o n  balance i s  simply t h e  d i f f e r e n c e  between 
n e t  incoming and n e t  outgoing r a d i a t i o n  ou t s ide  of t h e  atmosphere; and, 
t o g e t h e r  w i t h  t h e  r o t a t i o n  rate, i t  is  one of t h e  two most important 
parameters i n  determining t h e  cha rac t e r  of t h e  c i r c u l a t i o n .  
t h e  experiment should c o n s i s t  i n  averaging t h e  t o t a l  outgoing r a d i a t i o n ,  
both r e f l e c t e d  s o l a r  r a d i a t i o n  and emi t ted  longwave r a d i a t i o n ,  a t  many 
p o i n t s  o u t s i d e  t h e  atmosphere over  several d i u r n a l  cycles.  Since such 
coverage of t h e  p l ane t  i n  space and time i s  not  l i k e l y  t o  be achieved, 
it would probably be s u f f i c i e n t  t o  make use of a proper ly  c a l i b r a t e d  
v e r s i o n  of t h e  present  model for  c a l c u l a t i n g  t h e  d i u r n a l  v a r i a t i o n  of  
emission,  given a measurement of the ground temperature a t  l e a s t  a t  
one t i m e  of day a t  s e v e r a l  l a t i t u d e s .  
e s s a r y  t o  measure a c c u r a t e l y  the  r e f l e c t e d  s o l a r  r a d i a t i o n  at least a t  
one t i m e  of day not  f a r  from noon. Such measurements a r e  made from t h e  
e a r t h ,  bu t  t h e  d i f f i c u l t i e s  of d i s t ance  and i n t e r f e r e n c e  by t h e  e a r t h ' s  
atmosphere make it  d e s i r a b l e  t o  do the experiment from a space probe. 
The danger of  a t tempt ing  Mart ian hea t  ba lance  s t u d i e s  wi th  p r e s e n t l y  
a v a i l a b l e  observa t ions  from e a r t h  i s  sha rp ly  demonstrated by t h e  d i f -  
fe rence  between t h e  temperatures  given by Gi f fo rd  and by S in ton  and 
I d e a l l y ,  
I n  a d d i t i o n ,  it would be nec- 
S t rong  . 
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Appendix 
A SIMPLIFIED MODEL OF SOIL HEAT FLUX 
Because of  t he  l a rge  d i u r n a l  v a r i a t i o n  i n  r a d i a t i o n ,  and t h e  low 
hea t  capac i ty  of t h e  s o i l ,  by far the  l a r g e s t  p a r t  o f  the  v a r i a t i o n  
i n  sur face  temperature w i l l  b e  t he  d i u r n a l  p a r t .  Now f o r  a genera l  
c i r c u l a t i o n  experiment,  both computing t ime and high-speed s to rage  a r e  
normally taxed t o  t h e  capac i ty  of t he  computer by the  atmospheric p a r t  
of the  problem. It i s  t h e r e f o r e  undes i r ab le  t o  have t o  d e a l  w i th  t e m -  
pera ture  values  a t  many subsurface l e v e l s .  W e  t hus  r e q u i r e  a method 
f o r  computing s o i l  h e a t  f l u x  t h a t  depends on t h e  h i s t o r y  of  t he  t e m -  
pe ra tu re  v a r i a t i o n s  a t  t h e  su r face  r a t h e r  t han  on temperatures  i n  the  
ground, and w e  wish t o  use a minimum amount of t h e  pas t  h i s t o r y  of t he  
s o i l  temperature c o n s i s t e n t  wi th  a reasonable  r ep resen ta t ion  of t h e  
important d i u r n a l  v a r i a t i o n .  
Since w e  a r e  pr imar i ly  i n t e r e s t e d  i n  t h e  pe r iod ic  d i u r n a l  v a r i a t i o n ,  
w e  may r ep resen t  t he  temperature a t  depth z i n  t h e  s o i l  by 
i n  which T i s  cons tan t  o r  slowly vary ing  (compared wi th  a day) and 
corresponds t o  the  temperature  a t  g r e a t  depth,  and w i s  t h e  d i u r n a l  
d 
frequency. It follows t h a t  a l l  t i m e  d e r i v a t i v e s  of  t he  su r face  t e m -  
pe ra tu re  are given by 
03 n - imut d - (TG - Td)  = C (-imw) a.(G)e 
1 d tn  -03 
(A-2)  
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The hea t  f l u x  i n t o  t h e  s o i l  is 
NOW assume t h a t  @T/~Z)~-~ can be represented by t h e  series - 
I f  only a f i n i t e  number of harmonics, say  J, are present  i n  T t he re  
w i l l  be 25 of t he  c o e f f i c i e n t s  b i n  t h i s  s e r i e s .  To determine these  
c o e f f i c i e n t s ,  s u b s t i t u t e  Eq. (A-1) i n t o  t h e  hea t  conduction equat ion 
and r e q u i r e  t h a t  T -.t Td a s  z -, m. Then 
G' 
n 
Hence, 
S u b s t i t u t i n g  i n t o  Eq. (A-3), we f ind t h a t  
1 /2 
n 25 - 1 C (-im) bn = (1 - i) 
n=O 
(A-4) 
(A- 6 1 
w - 1' BY which provides 25 equat ions f o r  t h e  25 c o e f f i c i e n t s  b t o  b 
combining t h e  pairs o f  equat ions for p o s i t i v e  and negat ive  m, Eq. 
(A-6) s p l i t s  i n t o  the  two sets 
0 
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25 - 2 
C ( - i l m l ) n  bn = 
n=O 
112 (E) 
n even 
n 25 - 1 
C ( - i l m l )  bn = 
n= 1 
and 
(E) 
n 
n odd 
J 
1 2 3 
(A-7) 
1 
2 
3 
(A-8) 
1.000 
... 
... 
fo r  the  even and odd c o e f f i c i e n t s .  The c o e f f i c i e n t s  b c a l c u l a t e d  
from these expressions appear t o  converge q u i t e  r a p i d l y ,  as i l l u s t r a t e d  
i n  Table 5. 
n 
Table 5 
COEFFICIENTS bn(J )  UP TO J = 3 
0 I 1.000 I 0.862 I 0.825 
4 I ... 
5 I ... 
1.098 
-0.138 
+O. 098 I . : : :  I 1.134 -0.185 0.147 0.009 0.009 
Convergence of t h e  series Eq. (A-3) seems assured ,  provided 
Th i s  i s  a reasonable  assumption fo r  the  d i u r n a l  temperature wave a t  the  
surface.  Table 5 sugges ts  t h a t  i f  Eq. (A-3) i s  t runca ted  a t  n = 1, 
any d iu rna l  curve i n  which only the  lowest 3 or  4 harmonics dominate 
-39- 
w i l l  be w e l l  r epresented  by 
> 
-1 aTG 
a t  
+ 1.2 u) -3 
Equat ion (A-9) can be combined wi th  t h e  boundary condi t ion  of E q s .  (4) 
o r  (5a) t o  give a p r e d i c t i o n  equat ion f o r  T Th i s  method r equ i r e s  G' 
d' s t o r a g e  of only the  cu r ren t  T value and t h e  va lue  of T G 
Figure  7 i l l u s t r a t e s  a comparison of t h i s  method wi th  t h e  method 
of numerical  s o l u t i o n  of t h e  conduction equat ion.  The method appears  
t o  be q u i t e  s a t i s f a c t o r y  especially for approximating t h e  v a r i a t i o n  of 
a tmospheric  temperatures .  
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l 
PURPOSE: To describe a computer model that simulates diurnal and seasonal variation 
in ground and atmospheric temperatures on Mars, incorporating the effects of 
’ radiation, small-scale turbulent convection, and conduction into the ground, and 
to present results of the model. 
i 
APPROACH: A l l  calculations are based on an atmosphere having a surface pressure of 
5 mb and composed entirely of CO 
periment, There are two important adjustable parameters in the model: the thermo- 
metric conductivity of the ground and a parameter describing the rate of turbulent 
heat exchange between ground and atmosphere. The model is calibrated by adjusting 
these constants so that observations of a portion of the diurnal variation in 
ground temperature are well simulated. 
as indicated by the Mariner 4 occultation ex- 2 ’  
RESULTS: One of the most interesting results of the calculations is the prediction of 
an icecap composed of solid C O  
observed Martian polar cap. 
distributions are also considered, along with space probe experiments that could 
whose maximum extent corresponds with that of the 2 
Some possible implications of the computed temperature I 
I 
be made to verify, reject, or improve the model. I 
HIGHLIGHTS: The hypothesis that the polar cap consists of solid CO could be checked 
2 
simply by scanning the cap with a radiometer. 
ture were near the sublimation point of CO 
composed of it (although some water might be present). A further check could be 
obtained from temperature variations across the cap: 
nearly uniform in temperature, while an ordinary ice cap could show considerable 
variation. 
If and only if the emission tempera- 
0 (146 K) could the cap be predominantly I 2 
A dry ice cap would have to be 
I 
BACKGROLJND: The model described in this study was developed as a necessary preliminary 
I 
to a numerical experiment in simulating the circulation of the Mars atmosphere. 
